Abstract-Mechanical behaviors and especially the strain-rate responses at the nanoscales of low melting temperature metals, such as indium, have not been studied much. Indium is one of the key materials or alloy components in advanced microelectronics and the nanotechnology industry, and understanding their mechanical behaviors at nanoscales becomes increasingly important to ensure lifetime reliability of their applications in novel nanoscale devices or advanced systems (for packaging at the nanoscales, for instance). Synchrotron X-ray microdiffraction has been utilized to examine defect structures of nanoscale materials as well as their strain-rate responses. Nanoscale or advanced microelectronics packaging, for instance, require acceptable levels of drop test results. For these low melting temperature materials especially, this technique offers a unique advantage as conventional methods such as transmission electron microscope and EBSD will expose the structure to high-energy electron beams that may significantly alter the microstructure and defect structure during analysis. Using this approach, we found interesting differences in term of X-ray peak broadening after deformation with different strain rates, which could indicate differences in plasticity mechanisms in the submicron pillars of indium, which could be important for their applications in nanodevices. Understanding these differences could lead to better control of mechanical properties of low melting temperature metals at the nanoscales and, thus, have important implications for nanodevice reliability.
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I. INTRODUCTION
U NDERSTANDING the importance of the mechanical behavior of small-scale structures at the micron and nanoscale has become increasingly important to ensure reliability and lifetime of microelectronic devices. With the push towards lead-free solder products since its prohibition in 2006 [1] , new interconnection materials of soft solders such as indium [2] , tin [3] and their alloys [4] , [5] are being implemented as bonding materials used in electronic packaging for low-temperature applications. Indium is a promising replacement due to its low melting temperature, ductility, excellent wetting properties, high electrical conductivity and electrical reliability [6] , [7] . Some of the examples are solder bumps for hybrid packaging in microelectronics [8] , [9] and thermal interface materials (TIM) [10] , [11] . However, a reflection of such a low melting temperature means that indium solders are mostly operated at a very high homologous temperature even when their in-service condition is at room temperature. This could induce microstructural change due to relatively fast solid-state diffusion, creep and fatigue resulting in potential changes in response to the service environment conditions [2] . Hence, one of the concerns about these indium solders is the potential environmental effects that can cause microstructural changes. We do not wish these lead-free solders to be fragile and cracked easily because these damages may cause the malfunction of the portable electronic equipment under normal or excessive usage. Broad-level drop impact tests such as the free drop test [12] , [13] and pulse-controlled drop test [14] , [15] have been developed to evaluate solder joint reliability of surface mounted electronic components for mobile applications in an accelerated test environment. However, to correlate mechanical characterization between board-level drop tests and product system level drop tests remain unclear and need further investigation. Further, research into the reliability of indium as interconnection materials [5] , [11] , [16] implies that thermal fatigue cracking of indium during thermal cycling can be a critical factor affecting the reliability of microelectronic devices using indium solders.
Instead, to attain the desired functionality and lifetime of small-scale components, a thorough understanding of nanoscale indium deformation mechanisms are required as a start. At room temperature, indium is a face-centered tetragonal (FCT) and space group of I4/mmm. The melting temperature of indium is ∼156 • C, corresponding to a homologous temperature of 0.7 in ambient conditions. For this material, dislocation motion even at room temperature may become nonconservative via thermally activated processes like cross-slip and dislocation climb. Its mean free path will be significantly shorter while the overall distance is sufficiently long. The enhanced interaction of this dislocation with other dislocations will lead to dislocation density increase via multiplication in the indium microstructures.
Indium exhibits strain rate sensitivity where the flow stress varies with the deformation rate. Strain rate and nanoindentation creep mechanical behaviors have been studied in detail [17] - [20] . Lee et al. [21] performed indium nanopillar compressions of different diameter sizes (350-920 nm) and different strain rates through ex situ pillar compression experiments. They observed a noticeable increase in indium nanopillar strength from ∼17MPa to ∼37 MPa with the strain rate increasing from 0.0001 s −1 to 0.01 s −1 with a strain rate exponent of 6.12 but no effect of the size of nanopillars.
Budiman et al. [22] further evaluated the defect density evolution of submicron indium pillars of 920 nm in diameter through synchrotron Laue X-ray microdiffraction (μSLXRD) before and after pillar compression. This is a nondestructive ex situ technique that can be performed before and after uniaxial compression tests to understand the defect density evolution of metallic submicron pillars. The dislocation defects such as statistically stored dislocations (SSD) or geometric necessary dislocations (GND) can be detected by this technique [23] - [25] . Results from these μSLXRD measurements show the increase in dislocation density due to mechanical deformation and is a strong function of strain rate.
The primary objective of this work is to examine the effect of strain rate before and after the uniaxial compression of ∼1μm diameter indium submicron pillars through ex situ μSLXRD characterizations of the defect density evolution in the microstructures. Indium has a low melting temperature of ∼156 • C and a face-centered tetragonal (FCT) crystalline structure with a c/a = 1.075 [26] . Thus, thermally activated processes for vacancy diffusion and dislocation cross-slip or climb are expected to have a non-trivial contribution in the mechanical deformation of these structures. Our μSLXRD results reveal that the Laue diffraction peaks broaden after the mechanical compression tests, suggesting defect accumulation during the deformation with a larger extent of accumulation with a higher strain rate. A variation of the Williamson-Hall (W-H) plot called the Ungár's method [27] , [28] is implemented to quantify the net dislocation density increase due to the deformation process. This analysis reveals an estimated ∼1.5 times net increase of defects in the pillar with the increase of strain rate from 0.001 s −1 to 0.01 s −1 .
II. EXPERIMENTAL METHODOLOGIES

A. Synchrotron Laue X-Ray Microdiffraction
To examine the defect structure of sub-micron scale specimens of low melting temperature metals such as indium, the Synchrotron Laue X-ray Microdiffraction technique (μSLXRD) was utilized. This technique has been widely used in measuring densities of geometrically necessary dislocations (GNDs) [22] , [23] , [29] , electromigration effects in copper interconnects [30] - [34] , stresses of silicon solar cell modules [35] - [37] and silicon anodes in lithium-ion batteries [38] .
The X-ray beam comes from a powerful synchrotron source, which can be focused into a submicron spot size, close to the grain size of most single crystalline materials. X-rays allow deeper penetration depths, sample preparation, and measurements under various conditions. Bragg's Law is satisfied with a white X-ray beam of a continuous range of wavelengths, allowing a huge number of reflections to be obtained simultaneously even when the lattice is locally rotated or bent. It is this sensitivity to local lattice curvatures that makes the μSLXRD technique is suitable for probing plasticity at small scales since strain gradients and geometrically necessary dislocations (GNDs) are directly related to the local lattice curvatures [23] - [25] , [39] .
This technique involves scanning the sample with the focused X-ray beam at submicron resolution, thus gaining structural information about the crystal and its defects in the diffracted volume through the shapes of the Laue diffraction peaks. Using this approach, we can monitor the change in the Laue diffraction peaks before and after deformation. A quantitative analysis of the Laue peak widths then allows us to estimate the density of geometrically necessary dislocations (GNDs) in the sample. The absolute number of GNDs in the crystal can be determined using the relevant dimensions of the sample. A comparison of the numbers of GNDs before and after, or even during, the deformation provides information about the change in microstructure associated with plastic deformation. Conventional structural characterization methods such as transmission electron microscope (TEM) [40] and Resonant Ultrasound Spectroscopy (RUS) [41] , [42] will expose the structure to high energy electron beams and sounds that might alter the internal defect structure during analysis.
The microstructure of 920 nm diameter indium submicron pillars was characterized with Beamline 12.3.2 at the Advanced Light Source synchrotron facility at Lawrence Berkeley National Laboratory. Each indium submicron pillar sample was mounted on a MICOS high precision XY-positioning stage of resolution of 0.05 μm. The location of the submicron pillar was identified through white X-ray beam raster scanning. A second X-ray scan square size of 10 x 10 μm 2 with 0.5 μm step sizes was conducted to obtain the detailed diffraction data of the submicron pillar. The μSLXRD patterns were collected using a MAR 133 X-ray charge coupled device (CCD) detector of resolution of 100 μm pixel size. 3-4 hours of data collection was required to obtain about 400 CCD frames with an exposure time of 5 s for each frame for every 10 s of electronic readout time. A customized XMAS software [25] was used to analyze the resulting μSLXRD patterns. Further details have been discussed in previous publications [22] , [23] , [43] .
B. Lab XRD Analytical Techniques That Separate the Effects of Strain, Crystal Size and Non-Uniform Strain (SSD/GND)
The X-ray diffraction peak broadening is observed caused by both crystallite size and lattice strain due to the large volume of grain boundaries in typical polycrystalline materials [44] . Therefore, the peak broadening must be considered to examine the structural properties of materials. Accordingly, some XRD parameters such as the peak width, peak intensity, and XRD peak shift are originated by the crystallite size and lattice strain. The crystallite size and lattice strain are related to the Bragg's angles as 1/cosθ and tanθ, respectively [45] .
The generation of strain in the crystalline lattices may be caused by crystal imperfections, lattice dislocations, stacking faults, coherency stresses and many more [46] . The traditional Debye-Scherrer's (D-S) method offers only lower bound on the crystallite size [44] . Based on the results of an XRD pattern, several methods have been used to estimate the crystallite size and lattice strain of materials. In this paper, we applied the Ungár's method which is an analytical method used to estimate the crystallite size and lattice strain contributions to the line broadening by modifying existing methods of Williamson-Hall (W-H) analysis and Warren-Averbach (W-A) analysis.
Strain broadening is the broadening of fundamental Bragg reflections within the adjacent vicinity of the Bragg reflections. This scattering effect is intimately related to the scattering caused by the long-range strain fields of linear-type defects called dislocations. However, strain anisotropy is related to the strain broadening of diffraction peaks. The size broadening of the diffraction peaks is uniform but the strain broadening increases in reciprocal space [47] . The separation of the size and strain effects have been established by the Williamson-Hall (W-H) analysis and Warren-Averbach (W-A) analyses. However, a special logarithmic series expansion of the real part of the Fourier coefficients of a peak profile has to be used to consider strain broadening by dislocations in large crystals as shown in Eq. (1) [48] , [49] :
where n is the Fourier parameter, ρ * is the formal dislocation density, Q * is the correlation factor representing the fluctuation of the dislocation density Q * = ρ * 2 − ρ * [48] , [49] . R e is the outer cutoff radius of dislocations, R 2 and R 3 are auxiliary constants [48] . The formal and true values of dislocation density ρ * and correlation factor Q * are related to each other as [48] and [49] :
whereC is the average contrast factor of dislocations in the case of a particular hkl reflection and b is the Burgers vector of dislocations. The values ofC can be calculated numerically on the basis of the crystal structure the elastic properties and the slip systems of dislocations in the crystal.
Williamson-Hall method is based on the combination of two terms including size broadening and strain broadening [50] . It was suggested that the FWHM of peak profiles could be written as the sum of these two broadening effects [51] :
where the first term is related to the size broadening from Scherrer's formula [52] , D is the average grain size and K D is the strain contribution to peak broadening. Here,
in angle, θ is the diffraction angle and λ is the wavelength of X-rays respectively. However, dislocations give different contrasts depending on the relative positions of the Burgers and line vectors of the dislocations and the diffraction vector. Not assuming K D is linearly or quadratically related to K, K D can be written in the following form [48] - [50] :
where A and A are parameters determined by the effective outer cutoff radius of dislocations, R e and the auxiliary parameters R 1 and R 2 respectively. If dislocations are the source of strain in a crystal, the proper scaling factor of the breadths of peak profiles is (KC 1/2 ) instead of nearly K. Using equations (2) and (4), Eq. (3) will be [50] :
Eq. (5) will be known as the Modified W-H plot.
If the size and strain effects are present in the crystal at the same time, one of the fundamental equations of the Fourier coefficients in the Warren-Averbach analysis is [47] , [53] :
where the s = size and D = distortion. Inserting equations (1) and (2) into (6), the following is obtained for the real part of the Fourier coefficients [50] :
where B = π b 2 /2. In the classical W-A analysis, the scaling parameter is K 2 . In the case of dislocated crystals, the proper scaling parameter is K 2C instead of K 2 . This will be known as modified W-A analysis in agreement with the notation used in [50] . From Ungár's previous works [27] , [28] , [54] , it was observed that the breadths or the Fourier coefficients are changing anisotropically in terms of g or the hkl indices. However, the global increase or decrease indicates the presence of strain.
C. Materials -Fabrication of Submicron Pillars
The indium pillars were fabricated by electron beam lithography and metal electroplating technique developed by Burek and Greer [55] . The specific procedure and methodology to create these submicron pillars are described in detail here [21] , [22] , [56] . The resulting indium submicron pillars were approximately 920 nm in diameter. Fig. 1 shows an example of one of the fabricated submicron pillars with an aspect ratio of ∼3:1. A rest period of fifteen days was maintained for all the samples to ensure that thermally activated processes reached equilibrium at room temperature prior to testing. Typical engineering stress-strain curve of the 920nm indium submicron pillar [Reproduced from [22] with permission from Elsevier].
D. Pillar Compression
The submicron pillar compression tests were conducted at Stanford University using an Agilent NanoXP (Agilent/MTS, Knoxville, TN) nanoindenter outfitted with and a custom fabricated flat-ended diamond tip. The test was operated in a continuous stiffness mode. Two indium pillars were selected and compressed at two different engineering strain rates of 0.01 s −1 and 0.001 s −1 . After the compression and before the μSLXRD characterization, the deformed indium submicron pillars were stored in the dry ice sublimation environment (−78.5 • C) to reduce the room temperature annealing effects. The Laue X-ray diffraction peak widths measured before and after uniaxial compression were then compared.
III. RESULTS
A series of tests were performed to understand the effect of plasticity and creep on submicron indium pillars through uniaxial pillar compression, synchrotron X-ray microdiffraction, and further theoretical calculation through analytical methods. Fig. 2 shows the uniaxial compression stress-strain data of strain rate of 0.01 s −1 to a final plastic strain of near 28 %. The engineering stress-strain curves reveal that this sample was quite soft with flow stress of ∼13MPa which was measured at 5 % engineering strain. Similar results were observed at the strain rate of 0.001 s −1 . Post-compression SEM images of both submicron pillars shown in Fig. 3 show that the compression was accommodated by sidewall wrinkling, bulging and folding. There were no discrete slip bands observed in this deformed sample. 
A. Pillar Compression Results (Stress-Strain)
B. Synchrotron X-Ray Laue Microdiffraction (μSLXRD) Results
μSLXRD measurements were done on both pre and post compressed indium submicron pillars at different strain rates. From the initial μSLXRD measurements, the submicron pillars were indexed as a tetragonal single crystal structure with out-of-plane orientation near (1 1 1) with a misalignment of 7 o . For the 0.001s −1 strain rate, diffraction spot from the (4 1 3) crystal plane was shown in Fig. 4a . Similarly, diffraction spot from the (23 3) crystal plane was shown in Fig. 4b . These figures illustrate that the shape of all the indium diffraction peaks remained nearly isotropic before and after the uniaxial compression with no significant asymmetric broadening. However, the size of the post-compression Laue diffraction spots was significantly larger than those before compression. Fig. 5 shows the intensity plots of the Laue diffraction peaks: (4 1 3) for strain rate of 0.001 s −1 and (23 3) for strain rate of 0.01 s −1 . The intensity traces were carried out along a particular χ axis. The maximum intensity for both peaks was about 5 x 10 4 counts. After ∼28 % compressive strain, there is a lack of crystal rotation as the center points remain stationary at 96.3 o (at a strain rate of 0.001 s −1 ) and 80.8 o (at a strain rate of 0.01 s −1 ). A large number of active systems were available during the pillar compression.
However, the amount of diffraction peak broadening was quite different with the full-width-half-max (FWHM) values increased by 0.255 o (for strain rate of 0.001 s −1 ) and 0.466 o (for strain rate of 0.01 s −1 ). These increases are likely a result of defect accumulation due to dislocations. It is important to note that these increases in Laue diffraction peak broadening represent the lower limit of defect accumulation due to the room temperature annealing during the post-compression μSLXRD measurements. The extent of the diffraction peak broadening at 0.001 s −1 is approximately 44 % less than the one compressed at a faster rate of 0.01 s −1 .
C. Analytical Calculation Using Ungár's Method
Previously in Budiman et al. [22] 's paper, the increase in dislocation density was quantified approximately using CahnNye equation [57] , [58] , ρ = |κ| b where |κ| is the local lattice curvature and b is the magnitude of the Burger's vector. The initial dislocation densities of both submicron pillars were similar of ∼4x10 13 /m 2 . Assuming the only factor in the diffraction peak broadening is the dislocation defect accumulation within the indium submicron pillars during deformation, the equation was applied using |κ| = FWHM similar to previous publications [34] , [59] - [61] . Using the FWHM values in Fig. 5 , the dislocation defect densities before and after compression of the submicron pillars were reported in Table I , showing nearly 2.5 times increase in dislocation density for strain rate of 0.01 s −1 as compared to 0.001 s −1 .
The diffraction peak broadening of all the indium Laue diffraction peaks was plotted according to the modified Williamson-Hall plot as described earlier. A line fitting was done to obtain a smooth curve is obtained as shown in Fig. 6 . The C factors were averaged by assuming that all slip systems permitted in an FCT crystal are equally populated and that edge and screw dislocations are present with equal probability.
The intercept of the curve at K = 0 yields D WH ∼ = 900 nm for the particle size that matches the theory that the submicron pillar is single crystalline. From the modified W-H plot, the exact dislocation density cannot be determined since the value of constant A is defined by the effective outer cut-off radius of dislocations which on the other hand, depends on the tail of the profiles. However, we can take the magnitude of the fitting parameter of KC 1/2 abbreviated as M to describe the extent of dislocation density.
It was found the M value of after compression of the submicron pillar was always larger than before compression. The value of M at a strain rate of 0.001 s −1 was increased by 1.85 times. The value of M at a strain rate of 0.01 s −1 was increased by 2.69. The dislocation density increased by 1.46 times at a faster strain rate of 0.01 s −1 . This is close to the results observed previously by Lee et al. [21] as well with a dependence of strain rate sensitivity for the majority of its indium pillars.
IV. ANALYSIS AND DISCUSSION
A. The Strain-Rate Response of Indium Microstructures
There is a substantial strain rate effect in the indium deformation with the submicron pillar deformation at 0.01 s −1 strain rate exhibiting larger peak broadening and steeper slope through the modified W-H method over 0.001 s −1 strain rate. At room temperature, indium submicron pillar experiences substantial thermal contribution to dislocation motion. The indium dislocations change slip direction through dislocation cross-slip and climb. This continuous switching in dislocation travel direction increases the likelihood of dislocationdislocation interactions, cross-slip, and the generation of new dislocation via new source formation [22] . Indium undergoes recovery and recrystallization at the ambient conditions because of its low melting temperature of ∼156 • C. Some of the dislocations created through uniaxial compression can be annihilated by these thermally activated processes. However, the synchrotron and Ungár's method results demonstrated the indium pillars exhibit a net increase of defect density.
This suggests that the defect multiplication rate is considerably higher than the combined annihilation rate of the recovery, recrystallization, and surface evaporation processes [22] . This mechanism has been reported in the bulk deformation of indium as well [21] .
B. Implications for Advanced Nano or Microelectronics Packaging
The uniaxial compression of submicron indium pillars together with the synchrotron Laue microdiffraction technique is an attempt to estimate the stress and plastic strain as a function of time during a constant temperature. The mechanical response of the testing machine is analogous to that of an electronic package. The assembly stores the elastic strain energy during loading then converts the elastic strains into plastic strains in the solder during relaxation.
The increase in the dislocation density by about ∼1.5 with increasing strain rate from 0.001 s −1 to 0.01 s −1 shows the increase in the work hardening of the submicron indium pillars at room temperature. This work hardening data can be used to determine the indium solder joint stresses and strains during a thermal transient in an electronic assembly. In the package, the displacement rate is determined by the rate of temperature change and the expansion mismatch between components. Strain rates will be higher for rapid temperature changes and large assemblies. Thus, more data is needed over the operating temperature of the microelectronic package to characterize stresses during a transient fully.
V. CONCLUSION
In conclusion, the evolution of defect densities in nanometer-sized indium pillars before and after uniaxial compression was characterized by using the non-destructive μSLXRD technique. We observe Laue diffraction peak broadening, suggesting that the defect density likely increased in the course of deformation using the μSLXRD technique where the FWHM values were found to vary strongly anisotropically as a function of diffraction order. The results were confirmed analytically by the Ungár's method of separating size and strain broadening in the XRD profiles and found interesting differences in term of X-ray peak broadening after deformation with different strain rates. We estimate that the defect density increase by approximately 1.46 and 2.69 times for compressive strains of 28 % with a strain rate of 0.001 s −1 and 0.01 s −1 respectively. This increase of defect concentration is consistent with indium's low temperature behavior where it is hypothesized that this bulk-like effect in indium microstructures is due to thermally activated processes like dislocation climb and enhanced cross-slip. Such processes are activated in the deformation of indium at room temperature due to its low melting temperature.
These results help confirm the previously reported extent of increase in the dislocation density of indium microstructures fabricated by the same technique at different strain rates. A thorough understanding of indium microstructure deformation generated in the course of this work will further enrich the current small-scale plasticity state-of-the-art, especially in the area of low melting temperature materials and contribute significantly in commercial applications and reliability of indium and indium-based alloys in the microelectronics packaging industry.
